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Abstract

A series of readily available, amphiphilic pyrene- and perylene-containing fluorescent materials, derived from the co-
polymerisation of 2-acrylamido-2-methyl-1-propanesulfonic acid with acrylate esters, can be used to detect heavy metal ions
in the micromolar concentration range in aqueous solutions. The incorporation of these amphiphilic copolymers into semi-
interpenetrating hydrogels also resulted in the irreversible removal of divalent Co2+, Ni2+, Cu2+ and Pb2+ ions from aqueous
solutions at neutral pH.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Tackling pollution and waste management continues to be of
major concern to environmental scientists, the manufacturing
sector, regulatory bodies and the general public.1 The presence
of heavy metals in the environment, which exude from a variety
of sources ranging from the weathering of rocks, to mining and
wastewater discharge, poses a particular threat to the biosphere
given the toxicity of these species to biota in the millimolar con-
centration range.2,3 Industrial wastewater streams may contain a
variety of heavy metals such as Cu2+, Co2+, Pb2+, Ni2+ and Hg2+

whose detection and removal is required prior to discharge into
the environment.
Although many methods, such as atomic absorption spectros-

copy, X-ray absorption spectroscopy and inductive coupled
plasma atomic emission spectrometry, have been developed for
trace metal analysis,4–7 their high cost, complex sample prepara-
tion and the time consuming nature of their application limits
their general use.8 Consequently, a fluorescence-based detection
technique has attracted considerable attention among the optical
sensors.9

In a similar vein the fluorescence response of both low molecu-
lar weight organic molecules and polymers to the presence of
heavy metals has been extensively investigated as an analytical
tool for trace metal analysis.10 This methodology is compromised,
however, by issues of low sensitivity and poor water solubility of
many organic fluorophores which limits their use for the detec-
tion of metal ions in aqueous media.11–15 It is noted that highly

fluorescent pyrene andperylene derivatives have been usedwidely
as sensors due to their high sensitivity to heavy metals even at low
concentrations.16 For example, perylene-3,4,9,10-tetracarboxylic
dianhydride and its derivatives, which possess high fluorescence
efficiency and excellent thermal and light stabilities,17,18 have been
successfully utilised as fluorometric and colourimetric sensors for
Cu2+, Ni2+ and Fe3+ in dimethylformamide (DMF).19–21

Associated with the need for the development of analytical pro-
tocols for heavy and transition metal ion detection is the identifi-
cation of reliable methods for their remediation from aqueous
solutions. In the past this has been achieved by the use of adsor-
bents which incorporate polar functionality such as sulfonic
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acids,22 carboxylic acids22,23 and amines23 which are able to ligate
metal ions. These systems enable metal ion removal via chelation
and ion exchange mechanisms which prove to be superior com-
pared to a simple sorption process. In the case of sorbents, the
selectivity of metal ion uptake and of sorption capacity of the sor-
bent material may be difficult to rationalise24 due to the subtle
interplay between functional groups attached to the sorbent
and coordination properties of individual metal ions.25,26

Hydrogels 22,27 having porous crosslinked polymeric structures
and high surface areas are also known to adsorb heavy metal ions
and radionuclides.28–33 It has been shown, for example, that
poly(acrylic acid-co-acrylamide) hydrogels are able to selectively
sequester Cu2+ in the presence of other metal ions from aqueous
streams.34 Numerous studies have also shown that the incorpora-
tion of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)
into a hydrogel facilitates metal ion binding, as illustrated by the
use of a poly(2-acrylamido-2-methyl-1-propanesulfonic acid-co-
vinyl imidazole) hydrogel for the removal of Cu2+ and Fe2+ from
aqueous waste streams.35 Similarly, a series of chitosan and acryl-
amide hydrogels were prepared as heavy metal adsorbents.
These hydrogels have low adsorption capacity (typically
3.29 mg g−1 with efficiencies ε of >90%), where the affinity for diva-
lent metal ions was found to follow the trend Pb2+ > Cu2+ > Co2+

> Ni2+ which became optimum at basic pH.36 Spherical hydrogel
particleswere prepared fromchitosan andgelatin and showed effec-
tive non-selective removal of heavymetal ions (Pb2+, Hg2+, Cd2+ and
Cr3+) froma simulated industrial waste stream.37 In a similar vein, and
in a drive towards a greener economy, the synthesis of soybean-
derived hydrogels, capable of removing Cd2+ and Pb2+ (to a maxi-
mum adsorption of 1.43 and 2.04 mmol g−1) from aqueous solu-
tions, has recently been reported.38 Despite these advances, the
identification of readily available, low-cost and high efficiency
metal-selective adsorbents which operate at near-neutral pH
remains an important goal.39

In the present study we report an operationally simple method
for the synthesis of water soluble, fluorescent, pyrene and pery-
lene copolymers derived from the free radical copolymerisation
of AMPS in the presence of either 5-(perylen-3-yl)pent-4-yn-1-yl
methacrylate or 1-pyrenemethyl methacrylate.40–43 To the best
of our knowledge, the synthesis and subsequent utilisation of
these copolymers for the spectrophotometric detection of heavy
metals has not been previously reported. In addition these copol-
ymers were formulated into interpenetrating polymer network
(IPN) hydrogels to investigate the effect of the presence of poten-
tially self-associating polyaromatic groups on the swelling effect
and ultimate metal uptake of the ionisable AMPS residue (pKa ca
1.5)35 from aqueous solutions at ambient temperatures and neu-
tral pH.39 The physical properties of these hydrogels were fully
characterised using TGA, DSC and rheometry, while surface mor-
phologies were investigated by SEM.

EXPERIMENTAL
General methods
Matrix-assisted laser desorption/ionization (MALDI) mass spectra
were acquired recorded on a Shimadzu Axima Confidence instru-
ment using a dithranol matrix. High-resolution mass spectra were
obtained using a Thermo Exactive Plus EMR or Thermo Finnigan
MAT95XP mass spectrometer.

1H NMR (500 MHz) spectra were recorded using a Bruker Avance II+

spectrometer referencing to the residual protons in CDCl3 (7.27 ppm)
or deuterated dimethyl sulfoxide (DMSO-d6) (2.50 ppm). 13C NMR

spectra (126 MHz) were recorded using a Bruker Avance II+ spectrom-
eter referencing to the residual solvent peak as appropriate: CDCl3
(77.00 ppm), DMSO-d6 (39.51 ppm). Coupling constants (J) are
reported in hertz and chemical shifts (⊐) are reported in parts per mil-
lion. Signal multiplicities are designated as singlet (s), doublet (d), trip-
let (t), quartet (q), multiplet (m) or any collection of these.
IR spectra were recorded using a Thermo Scientific Nicolet iS5

spectrometer with an iDS ATR accessory in the solid state.
UV–visible spectra were recorded using a Varian Eclipse 5000

spectrophotometer between 200 nm and 800 nm using quartz
cuvettes with a path length of 1 cm. Fluorescence spectra were
recorded with a Varian Eclipse fluorescence spectrometer and
performed under aerated conditions. Samples were irradiated
(⊗ex= 340 and 420 nm) in quartz cuvettes (1 cm) and the emission
wavelength was recorded between 300 and 600 nm. Steady state
emission spectra were recorded on an Edinburgh Instruments
FP920 Phosphorescence Lifetime Spectrometer equipped with a
450 W steady state xenon lamp (with single 300 mm focal length
excitation and emission monochromators in Czerny–Turner con-
figuration) and interchangeable EPL pulsed diode laser excitation
sources and a red sensitive photomultiplier in a Peltier (air cooled)
housing (Hamamatsu R928P) detector. Lifetime data were
recorded following excitation with an EPL laser using time corre-
lated single photon counting. Lifetimes were obtained by a re-
convolution fit using the instrumental response, and quality of
fit was judged by minimization of reduced χ-squared and resid-
uals squared.
Gel permeation chromatography (GPC) was used to determine

the molecular weight of the copolymers in 0.1 mol L–1 disodium
hydrogen phosphate and azide with a flow rate of 0.5 mL min−1

(1–2 mg mL−1) at 40 °C using a refractive index detector. The sys-
tem was calibrated with polyethylene oxide, in the range 200 to
6 × 106 g mol−1. DSC measurements were obtained with a TA
DSC-250 under a nitrogen atmosphere (50 mL min−1) at a heating
rate of 10 °C min−1 from 0 to 145 °C.
Field emission SEM was carried out on Au/Pd coated cryogeni-

cally fractured hydrogel samples. Samples were freeze dried prior
to examination. All samples were examined in high vacuum with
5 kV accelerating voltage on a Zeiss Ultra microscope with an in-
lens detector. Image analysis was carried out using BoneJ soft-
ware (University of Manchester).44

Rheological characterisation was carried out using an ARES LN2
rheometer (TA Instruments, Hertfordshire, UK) with parallel-plate
geometry of 25 mm diameter. Test methods of oscillatory strain
sweep and frequency sweep were used. Strain sweep tests were
performed at a constant temperature (20.0 °C) using a frequency
of 1.0 Hz and a strain increase from 1% to 100% (or the maximum
range permitted where this was lower) with recording of the cor-
responding stress, storage modulus (G0) and storage and loss
modulus (G0 0). From these data the linear viscoelastic region was
identified.
Frequency sweeps were performed at a constant strain within

the linear viscoelastic region. The oscillatory frequency was then
increased from 0.1 to 5.0 Hz in a steady ramp whilst recording
the complex viscosity (η*), G0 and G0 0 data as a function of fre-
quency. A tan ⊐ value was calculated from these data.

Materials
All reactants, reagents and dry solvents were purchased from
Merk (Gillingham, UK), Acros Organics and Fisher Scientific
(Loughborough, UK) and were used without further purification
except for 2,20-azobis(2-methylpropionitrile) (AIBN) which was
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recrystallised frommethanol prior to use. Thin-layer chromatogra-
phy (TLC) was carried out using DC-Fertigfolie POLYGRAM® SIL
G/UV254 precoated TLC sheets with substrate detection by UV
light (254 and 365 nm).

Synthesis
Synthesis of perylene-5-ylpent-3-yne-2-methylprop-2-enoate
(PePnUMA) (monomer)
To a solution of 5-(perylen-3-yl)pent-4-yn-1-ol45 (740 mg,
2.2 mmol) and Et3N (0.9 mL, 6.6 mmol) in dry CH2Cl2 (20 mL)
was added, dropwise, via a syringe, methacryloyl chloride
(0.6 mL, 6.6 mmol) under an atmosphere of dry nitrogen and
the reaction mixture was then allowed to warm to room temper-
ature with stirring for 24 h. The insoluble salts that were gener-
ated were then removed by filtration at the pump, and the solid
residue was washed with ether (30 mL). The combined organic
extracts were washed (HCl (2 mol L–1, 2 × 50 mL), 5% aqueous
NaHCO3 (75 mL) and then brine (75 mL)), dried (MgSO4) and con-
centrated in vacuo. Recrystallization of the residue frommethanol
afforded 5-(perylen-3-yl)pent-4-yn-1-yl methacrylate (PePnUMA)
(485 mg, 1.2 mmol, 55% yield), as a fluorescent golden/brown-
coloured solid, melting point 150–153 °C.

1H NMR (500 MHz, CDCl3) ⊐ ppm: 1.57 (br, s, 1 H, O–H), 1.99 (s, 3
H, C=C–CH3), 2.13 (quin, J = 6.6 Hz, 2 H, C–C–H), 2.74 (t, J = 7.1 Hz,
2 H, C�C–C–H), 4.41 (t, J = 6.3 Hz, 2 H, O–C–H), 5.59 (s, 1 H, C=C–
H), 6.17 (s, 1 H, C=C–H), 7.48 (td, J = 7.8, 2.8 Hz, 2 H, Ar–H), 7.56 (t,
J = 7.9 Hz, 1 H, Ar–H), 7.61 (d, J = 7.8 Hz, 1 H, Ar–H), 7.69 (d,
J = 8.1 Hz, 2 H, Ar–H), 8.10 (d, J = 7.8 Hz, 1 H, Ar–H), 8.14–8.25
(m, 4 H, Ar–H). 13C NMR (126 MHz, CDCl3) ⊐: 16.8, 18.4, 28.1, 63.5,
79.7, 94.74, 119.6, 120.5, 120.6, 120.7, 120.8, 125.6, 126.1, 126.5,
126.6, 127.1, 127.9, 128.1, 128.4, 128.5, 130.8, 131.1, 131.2 and
131.4 (due to accidental equivalence only 16 aromatic carbons
are reported rather than 20 expected for this structure) (see Fig.
S1). Mass spectrometry (MS): m/z (MALDI, dithranol) 402.4 ([M]+

100%), 425.3 ([M + Na]+ 85%). IR �νmax/cm
−1: 3050 (Ar C–H), 2963

and 2902 (C–H), 2350 (C�C), 1701 (C=O), 1289 (Ar C=C), 1167
(C–O–C). High resolution MS (HESI+): [C29H22O2K]

+ requires
441.1251, found 441.1235. The emission spectra for PyMA and
PePnUMA are shown in Fig. S2.

Polymer synthesis
Synthesis of poly(pyren-1-ylmethyl-2-methylprop-2-enoate-co-
2-methyl-2-(prop-2-enoylamino) propane-1-sulfonic acid (PyMA-
co-AMPS) (CoP1). PyMA-co-AMPS was prepared by a slight
modification of a literature procedure.40,46

A solution of 1-pyrenemethyl methacrylate47 (176 mg,
0.6 mmol) and 2-acrylamido-2-methyl-1-propanesulfonic acid
(607 mg, 2.9 mmol) in dry DMF (10 mL) was degassed (three
freeze–thaw cycles) and heated to 60 °C under dry nitrogen. Puri-
fied AIBN (7.8 mg, 1% compared to monomer weight) was then
added to this solution and the reaction mixture was heated to
75 °C for 24 h. On cooling to ambient temperature (23 °C) the
reaction mixture was poured into cold (0 °C) ethyl acetate
(750 mL) and the precipitated polymer was collected at the pump
and washed successively with diethylether (100 mL), CH2Cl2
(100 mL) and finally acetone (100 mL). Precipitation (twice from
MeOH into ethyl acetate) was used to further purify the copolymer
which was recovered by filtration and dried under vacuum afford-
ing a beige solid (705 mg, 80% yield). The 1H NMR and 13C NMR
spectra of this copolymer are shown in Figs 1(A), S3 and S5 (in
Appendix S1). Repeating this copolymerization reaction procedure
using different monomer feed ratios while maintaining a constant

AIBN amount (1% mol of the total two monomer weight) afforded
copolymers CoP1-1, CoP1-2 and CoP1-3, as detailed in Table 2.

Synthesis of poly(perylene-5-ylpent-3-yne-2-methylprop-2-enoate-
co-2-methyl-2-(prop-2-enoylamino) propane-1-sulfonic acids (PeP-
nUMA-co-AMPS) (CoP2). This copolymer was prepared, using the
procedure outlined above, starting from 5-(perylen-3-yl)pent-
4-yn-1-yl methacrylate (118 mg, 0.3 mmol) and AMPS (60 mg,
2.9 mmol) and afforded the copolymer CoP2 as a brown green-
ish-coloured solid (85.8 mg, 43% yield). Repeating this copolymer-
ization reaction procedure using different monomer feed ratios
while maintaining constant AIBN amount (1% mol of the total
two monomer weight) afforded copolymers CoP2-1, CoP2-2 and
CoP2-3, as detailed in Table 2.

Preparation of IPN hydrogels
A general method for the preparation of hydrogels is as follows:
CoP2-3 (0.2 g), acrylamide (5 g), hydroxyethylmethacrylate
(HEMA) (2 g) and methylene bis-acrylamide (0.72 g, 10% com-
pared to monomer) were dissolved in 15 mL deionised
(DI) water. To this homogeneous solution was then added ammo-
nium persulphate (200 μL of a 10% w/v aqueous solution) and N,
N,N0,N0-tetramethylethylenediamine (TMEDA) (25 μL) and the
reaction mixture was stirred at room temperature for 10 min in
order for the polymerisation reaction to go to completion. This
general process was repeated for a series of polymerization reac-
tions as detailed in Table 1. In all of these examples methylene bis-
acrylamide was used as a crosslinking agent (10% w/w with
respect to monomer) and TMEDA (25 μL) was used as accelerant.
AH21 and AH22 were prepared as controls. The resulting hydro-
gels were dried and washed three times with water to remove
any monomer residue, filtered and dried under vacuum at 30 °C.
The swelling ratio for all these hydrogels was determined by

immersing 1 g of the hydrogel in 50 mL of metal ion solution
(Pb2+, Cu2+, Ni2+ and Hg2+, 18 mg L–1) for 72 h. The swelling ratio
(SR) was determined using the equation

SR %ð Þ=Ws−Wd

Wd
×100 ð1Þ

whereWs is themass of swollen hydrogels andWd is themass of
dried hydrogels.48,49

Metal ion uptake and release study
The dried hydrogel (0.3 g) was immersed in metal ion solutions:
Pb2+, Cu2+, Ni2+ and Co2+ (15 mL, 18 mg L–1) for 72 h, without agi-
tation or stirring, at room temperature. The concentration of
metal ions which was not absorbed by the hydrogel was deter-
mined using inductively coupled plasma spectroscopy (ICP).
The metal uptake was calculated using the equation

metal ionuptake %ð Þ= C0−Ce

C0
×100 ð2Þ

where C0 and Ce are the initial and equilibrium concentration
(in mg L–1) of metal ion remaining in solution.49,50

Each hydrogel–metal complex was then re-immersed in DI water
(25 mL) for 72 h, without agitation or stirring, at room temperature.
A sample of the aqueous solution was then analysed using ICP in
order to measure the leached metal ion concentrations.
The desorption ratio45 for each sample could be calculated as

follows:
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desorption ratio=
Wd

Wb
×100 ð3Þ

where Wd and Wb are the amount of metal ion desorbed into
solution and the amount of metal ion bound to hydrogels
(in mg L–1) respectively.
In passing we note that in situ hydrogel formation was also

briefly investigated using aqueous solutions of Pb+ (7.1 μmol L–1).
This process led to the direct encapsulation of the metal ion into
the hydrogel matrix where the metal ion appeared to be resistant
to leaching once placed in fresh DI water.

UV–visible and fluorescence studies
Fluorometric titrations were also conducted on CoP2-3 after expo-
sure to aqueous solutions of various metal ions. In these experi-
ments solutions of Co2+, Ni2+ (as CoCl2 and NiCl2), Hg

2+ (as Hg
(O2CCH3)2), Pb

2+ (as Pb(NO3)2), Na
+, Mg2+ and Cu2+ (as Na2SO4,

MgSO4 and CuSO4) (0.1–5 mL, 0.01 mmol L–1 in DI water) were
added to CoP2-3 (2.0 mL, 0.01 mmol L–1 in DI water) in a quartz

cuvette. These reaction mixtures were shaken for 1 min before
their UV–visible and fluorescence spectra were recorded.

RESULTS AND DISCUSSION
Synthesis and characterisation
In this study we report the synthesis of the fluorescent monomer
PePnUMA from the reaction between methylacryloyl chloride and
5-(perylen-3-yl)pent-4-yn-1-ol in the presence of Et3N, using a pro-
cedure thatwas adapted from that reported by Zhang et al.51 which
had previously been reported for the synthesis of pyren-1-ylmethyl
2-methylprop-2-enoate (PyMA).51 The 1HNMRand 13CNMR spectra
of PePnUMA are depicted in Figs S1A, S1B in Appendix S1. The
emission spectra of PyMA and PePnUMA are shown in Fig. S2.
The synthesis of a series of amphiphilic fluorescent copolymers

was also undertaken using the random, free radical, copolymeri-
sation of selected monomers in the presence of AIBN as an initia-
tor and DMSO as solvent43 (Scheme S1). Copolymerisation
reactions, leading to CoP1-1, CoP1-2, CoP1-3, CoP2-1, CoP2-2

Figure 1. 1H NMR (500 MHz, DMSO-d6) of (A) CoP1-1 (top) and (B) CoP2-1 (bottom).
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and CoP2-3, were performed using different monomer feed ratios
as defined in Table 2. We observed that conducting these reac-
tions in the presence of relatively low initiator concentrations
(1 mol%) in DMF at 75 °C led to uniformly high degrees of mono-
mer consumption (>75% for CoP1 and > 40% for CoP2). The feed
mole ratios of AMPS, PyMA and PePnUMA, the structures of the
copolymers and the reactant quantities are listed in Table 2.
The 1H NMR spectra of CoP1-1 and CoP2-1(Fig. 1) are similar to

those reported for related AMPS–acrylate copolymers.47,48 Impor-
tantly these spectra were devoid of the methylene protons at ca ⊐
5.6 and 6.2 ppm which are present in the starting materials, indi-
cating full conversion of monomer to polymer. Moreover, the
incorporation of two different monomer units into the backbone
of these copolymers was confirmed by 1H NMR, 13C NMR and UV–
visible spectroscopy, as illustrated in Figs 1, 2 and S3–S6. For
CoP1-1 (Fig. 1(A)), the appearance of resonances between ⊐ 8.1

and 8.6 ppm signifies the presence of the aromatic protons of
the pyrenemoiety, where the broadened appearance of these res-
onances when in a polymer matrix has been noted elsewhere.43,53-56

In addition to the aromatic hydrogens this spectrum also possessed a
broadened singlet (at ⊐ 5.2 ppm), assigned to Hb, which is also
derived from the incorporation of PyMA. The resonance at ⊐
7.7 ppm is assigned to the amideN–H (H–NCO)which is derived from
AMPS, as is the resonance at ⊐ 2.9 ppm. The broadened resonance at
⊐ 1.4 ppm corresponds to the methyl groups (–CH3) derived from
AMPS and methacrylate moieties. A similar assignment for the 1H
NMR spectrum of CoP2-1 is shown in Fig. 1(B).
The ratio of PyMA and PePnUMA to AMPS in these materials

could be calculated from their respective 1H NMR spectra. This is
based upon the integration of the methylene protons Hh, next
to the sulfonic acid residue in AMPS and PyMA monomers in
CoP1. It was found that the copolymer compositions are close to

Table 1. Feeding masses of reactants used in the preparation of IPN hydrogels CoP2-3 and CoP1-1

IPNs Acrylamide (g) N-isopropylacrylamide (g) PEG (g) HEMA (g) CoP2-3 (g) CoP1-1 (g)

AH20 1.0 1.0 0.0 0.0 0.0 0.0
AH21 1.0 1.0 0.2 0.0 0.0 0.0
AH22 1.0 1.0 0.0 0.0 0.2 0.0
AH23 1.0 1.0 0.0 0.0 0.0 0.2
AH24 5.0 0.0 0.0 2.0 0.0 0.0
AH25 5.0 0.0 0.0 2.0 0.2 0.0
AH26 5.0 0.0 0.0 2.0 0.0 0.2

PEG, polyethylene glycol.

Table 2. Structures of copolymers, reactant quantities, yield and molecular weight distributions of the synthesised copolymers

Structure/symbol
CoP1 CoP2

Copolymer Yield

Feed monomer ratios Composition (mol%)

Mw/Mn
c ÐPyMA PePnUMA AMPS PyMA PePnUMA

CoP1-1 80% 1.0 0.0 5.0 1:5a, (14.5)b None added 10 300/5900 1.7
CoP1-2 77% 1.0 0.0 10.0 1:9a, (6.1)b None added 10 300/5200 1.9
CoP1-3 83% 1.0 0.0 30.0 1:22a, (1.5)b None added 24 000/12900 1.8
CoP2-1 43% 0.0 1.0 10.0 None added (9.2)b 10 200/3500 2.9
CoP2-2 41% 0.0 1.0 20.0 None added (3.6)b 8500/5700 1.4
CoP2-3 42% 0.0 1.0 30.0 None added (2.4)b 9000/5000 1.7

Ð is the ratio of the weight average molecular weight Mw to the number average molecular weight Mn.
a Determined by 1H NMR analysis (Figs 1(a) and S3).
b Determined by UV–visible spectroscopy (mol%).
c Determined by GPC analysis.
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the same feed ratio of monomers in the copolymerisation pro-
cess. A similar analysis for CoP-2 was not possible due to the over-
lapping resonances from the alkyl moieties derived from AMPS
and PePnUMA.
The 13C NMR spectra of CoP1 and CoP2 are presented in Figs S5

and S6. These spectra indicate the presence of the ester carbonyl
(174 ppm), methyl (–CH3, 27 ppm) and methine (–CH, 60 ppm)
groups. All the remaining methylene resonances (–CH2) appear
between 34 and 58 ppm while the aromatic resonances lie
between 124 and 132 ppm. The IR spectra of these copolymers
are also in accord with their structure and display characteristic
absorptions at 3300 cm−1 (N–H and O–H), 3076 cm−1 (Ar C–H),
2978 and 2942 cm−1 (C–H), 1698 and 1748 cm−1 (C=O of amide
and ester respectively), 1368 cm−1 (C–H of CH3 group),
1298 cm−1 (Ar C=C), 1215 cm−1 (C–N) and 1138 cm−1 (C–O),
while the two bands at around 1160 and 1040 cm−1 can be
assigned to the asymmetric and symmetric SO2 stretching fre-
quencies of the sulfonic acid group.48,52 The UV–visible spectra
of all of the copolymers made in this study (3.0 nmol L–1 in DMSO)
are presented in Fig. 2. In addition the UV–visible spectra of copol-
ymers CoP1 and CoP2 were also used to calculate the pyrene and
perylene content of each polymer by application of the Beer–
Lambert law.57 (Themolar absorbance coefficients used in the cal-
culations were as follows: 1-pyrenemethanol, ⊗em of 340 nm,
28 000 mol−1 cm−1 in DMSO; and 5-(perylen-3-yl)pent-4-yn-1-ol,
⊗em of 420 nm, 29 823 mol−1 cm−1 in DMSO.)

The calculated ratios are in satisfactory agreement with those
determined by 1H NMR spectroscopy as shown in Table 2.
Figure 2(B) shows the UV–visible spectra of PyMA, CoP1-1,

CoP1-2 and CoP1-3 in DI water (2.8 nmol L–1). The four character-
istic absorbance bands in the range 278–345 nm, corresponding
to S0 → S3, S0 → S4, S0 → S2 and S0 → S1 transitions, are similar
to those previously reported58–60 for PyMA and the correspond-
ing copolymer which indicates the incorporation of the pyrene
unit into these new copolymers. In addition Fig. 2(C) shows the
three characteristic absorbance maxima in the range of
400–451 nm which can be assigned to S0 → S2, S0 → S1 and
S0 → S0 transitions of PePnUMA, observations that are in keeping
with Ryder's analysis.61

Photophysical and fluorescence quenching studies
The effect of adding CoP2-3 (2 mL, 0.01 mmol L–1) to aqueous
solutions of metal ions was investigated by UV–visible and fluo-
rescence spectroscopy. There is no significant change in the UV–
visible spectra of CoP2-3 following the addition of Co2+, Hg2+,
Pb2+, K+, Na+ and Mg2+ as shown in Fig. 3(A) although the inten-
sity of the absorption at 450 nm was sensitive to the addition of
Cu2+ and Ni2+ as shown in Fig. 3(A) and S7(D) in Appendix S7.
Closer analysis revealed that the absorption intensity of CoP2-3
(0.01 mmol L–1) at 450 nm versus Cu2+ concentrations 0.0–7.1
μmol L–1 results in a linear dependence (R2 = 0.98) equating to
an absorption coefficient of 221 800 L mol−1 cm−1. The molar

Figure 2. (A) Solutions of (a) AMPS, (b) CoP2-3, (c) PePnUMA, (d) CoP1-1 and (e) PyMA in DI water (1 mg mL−1, 2.8 nmol L–1, 3.0 nmol L–1 and
1.3 × 10−2 mmol L–1, 1 mg mL−1 respectively) under ambient lighting (top) and under UV illumination at 365 nm (bottom). (B) The UV–visible absorption
spectra for solutions of PyMA and CoP1 copolymers. (C) The UV–visible absorption spectra for PePnUMA and CoP2 copolymers in DI water.
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absorption coefficient of CoP2-3 when recorded in the presence
of a series of metal ions is presented in Table 3. The UV–visible
spectra of CoP2-3 in the presence of a series of metal ions are
given in Fig. S7.
In addition the fluorescence spectra of CoP2-3 were also

recorded in the absence and presence of metal ions in order to
determine whether there is any selectivity to specific metals in
the study in the fluorescence quenching of the polymer solution
under these conditions. Initially the fluorescence emission of
CoP2-3 was recorded in DI water (0.01 mmol L–1), at pH 6.8, where
it was found to have a broad emission band from 390 to 650 nm,
with a maximum at 465 nm, when irradiated at 420 nm. The emis-
sion spectrum of this solution was then recorded in the presence
of varying quantities of Co2+ (0.0–2.5 equiv.) as shown in Fig. 4(A).
The fluorescence spectrum of CoP2-3 (concentration 0.0–7.1 μmol
L–1) was also measured in the presence of Co2+ (0.48–7.1 μmol L–
1). These measurements indicated that the intensity of the emis-
sion decreased by 10% at a Co2+ concentration of 0.48 μmol L–1

(0.1 equiv.) while it reached 80.99% from the original value with
Co2+ of 7.1 μmol L–1, 2.5 equiv. (Fig. 4(B)). There was no shift in
wavelength of the maximum fluorescence peak.
A Stern–Volmer plot (Fig. 4(C)) of F0/F (quenching efficiency) ver-

sus [Co2+] shows a linear relationship (R2 = 0.955) over a limited,
low concentration range of Co2+ as defined by

F0
F
=1+KSV Q½ � ð4Þ

where F0 and F are the fluorescence intensities of the copolymer
solution in the absence and presence of the metal ion respec-
tively; KSV is the Stern–Volmer constant and [Q] is the metal ion
concentration.
These data suggest that static fluorescence quenching may be

the dominant quenching mechanism at low [Co2+] but the
upward deviation that is observed above 4 μmol L–1, which can
be fitted to a linear relationship, suggests that the onset of other
quenching processes (e.g. both dynamic and static quenching)
may be operative.58–60,62 A static fluorescence quenching mecha-
nism involves the formation of a non-fluorescent complex due to
the interaction between perylene, fluorophore and the metal ion,
which take place in the ground state of perylene. The concentra-
tion of metal ion, quencher and the formation constant of this
complex govern the quenching efficiency. Alternatively, in the
case of a dynamic quenching mechanism, the metal ion interacts
with the fluorophore molecule during the lifetime of the excited
state of the fluorophore molecule. Here, the lifetime of the excited
state of the fluorophore, the viscosity of the solution and the con-
centration of the metal ion all contribute to quenching efficiency.
It is clear that all the metal ions studied quenched the

Figure 3. Absorption spectra for the titration of (A) CoP2-3 with 2.5 equiv. of metal ions in DI water; (B) CoP2-3 with different concentrations of Cu2+ solu-
tion (0.0–7.1 μmol L–1).

Table 3. Shows some UV–visible and fluorescence responses of CoP2-3 to metal ions

Metal ions

From UV–visible spectroscopy From fluorescence

Molar absorption coefficient (L mol−1 cm−1) R2 KSV × 10−6 (L mol–1) R2 LOD (μmol L–1) LOQ (μmol L–1)

Co2+ 227 120 0.992 0.18 0.996 0.69 2.29
Cu2+ 223 034 0.987 0.15 0.998 0.68 2.27
Ni2+ 236 110 0.995 0.11 0.997 0.72 2.40
Hg2+ 227 392 0.991 0.13 0.999 0.77 2.58
Pb2+ 231 007 0.994 0.11 0.998 0.77 2.55
Mg2+ 224 870 0.990 0.10 0.998 0.83 2.76
Na+ 228 443 0.992 0.09 0.999 0.87 2.91

Metal ion concentration 0–7.1 μmol L–1 in DI water at room temperature (pH 6.8).
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fluorescence of the polyaromatic-hydrocarbon-containing copol-
ymers, a process which is more efficient in the presence of Co2+

and Cu2+. This result can be explained by the paramagnetic prop-
erties of Co2+ (d7) and Cu2+ (d9); both metals have unpaired d-
electrons which quench effectively both singlet and triplet states
of the copolymer, a phenomenon that has been noted
previously.63,64

The quenching experiments that were conducted at low Co2+ con-
centrations enabled the calculation of the quenching constant (KSV),
which in this case had a value of 1.86 × 10−7 Lmol−1. The quenching
constants for CoP2-3 in the presence a series of metal ions were also
calculated in a similar manner, as listed in Table 3.
The fluorescence quenching of CoP2-3 by the addition of metal

ions suggests that there is a fluorophore-quencher complex that
has a different absorption spectrum,65 a process which is sup-
ported by the observed overlap in the emission and absorption
spectra of CoP2-3 recorded in the presence of Co2+, as depicted
in Fig. 5.
There was no noticeable change or decrease in the fluorescence

lifetimes of CoP2-3 with themetal ions used in this study. This is to
be compared with the values obtained for CoP2-3 alone
(τ1= 2.2 ns and τ2= 5.1 ns) as shown in Fig. S8. These observations
are in consonance with a static quenching mechanism66,67 via
complexation of CoP2-3 with metal ions (Table S1).

Unfortunately Benesi–Hildebrand plots (i.e. plots of log(F – F0)/
(Fmax – F) versus log[Q]) of CoP2-3 for a variety of metals proved
to be nonlinear, as shown for Cu2+ (Fig. 4(D)), and association con-
stants between the polymer and metal ions could not therefore
be determined.68 The fluorescence quenching efficiencies (F0/F)
for a range of metal ions (Na+, Mg2+, Hg2+, Pb2+, Ni2+ and Cu2+)
of CoP2-3 are also tabulated in Fig. 6. From these data it can
be seen that both the Cu2+ and Co2+ ions exhibited high
quenching efficiency compared to Ni2+, while a small quenching
effect was observed for Mg2+ and Na+ ions.69 Fluorescence data
of all the metal ions studied in this work can be found in
Figs S9–S15.
The IR spectra of CoP2-3 are shown in Fig. 7 in DI water. Most

noticeably the IR absorptions which were assigned48,52 to the S–
O group (1040, 1160 and 1180 cm−1) disappeared upon introduc-
tion of the metal ions but there was no shift for the amide car-
bonyl absorption at 1640 cm−1. This behaviour suggests that
the metal ions interact with the sulfonic acid moiety in the poly-
mer rather than the amide group upon mixing.70

Binding of metal ions to CoP2-3 also appears to be pH depen-
dent. We note, for example, that at pH 12 there is no appreciable
loss of fluorescence when metal ions are mixed with CoP2-3
(Fig. 8). This suggests that at high pH the sulfonic acid moieties
associated with the AMPS unit are fully ionized and are associated

Figure 4. (A) Fluorescence titration spectra of CoP2-3 with various concentrations of aqueous Co2+ solution (0.0–7.1 μmol L–1, pH 6.8); (B) the fluores-
cence intensity at 465 nm with various concentrations of Co2+; (C) the quenching efficiency with various concentrations of Co2+; the inset shows
Stern–Volmer plots for fluorescence quenching by the Co2+; and (D) the plot of log[(F – F0)/(Fmax – F)] versus log[Co2+] for the titration of CoP2-3 with
Co2+ (in DI water at pH 6.8).
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with the sodium counterions.71 In this situation intramolecular
self-association and excimer formation between perylene units
becomes important, as indicated by the appearance of the broad
and structureless band centred at 542 nm, as shown in Fig. 8.
The limit of detection (LOD) and limit of quantitation (LOQ) of

CoP2-3 were determined for all metal ions using a plot of fluores-
cence intensity versus concentration of metal ion. LOD and LOQ
were calculated from the equations72,73

LOD = 3⊞/k (5)
LOQ = 10⊞/k(6)
The standard deviation of the maximum fluorescence intensity (⊞)

of CoP2-3 (0.01 mmol–1 in DI water) was measured more than six
times and k is the slope of the relationship between fluorescence
intensity and concentration of metal ions are shown in Table 3.
The LOD depends heavily on the concentration of metal ions and

their electrostatic interactions with the polar functionality that is
embedded within the polymer.74 Measurement of the LOD in this
series was carried out using CoP2-3 which has ionised sulfonic acid
residues and excellent fluorescence characteristics.74

The photophysical studies of CoP1-2 and CoP2-3, namely their
efficient fluorescence quenching in the presence of heavy metal
cations, encouraged us to incorporate these materials into hydro-
gels for use in heavy metal detoxification. These studies were per-
formed on a series of hydrogels (AH20–AH26, where AH20, AH21
and AH24 are controls) from CoP1-2 and CoP2-3 with diverse
monomers.

Figure 9 shows the swelling ratio of the prepared hydrogels in
metal ion solution. It is noticeable that AH20–AH23 have higher
swelling ratios than AH24–AH26 due to the presence of HEMA
in the AH24–AH26 compositions. Interestingly, the presence of
CoP1-1 in AH23 gives higher values of the swelling ratios in all
metal ion solutions under study than the controls (AH20, AH21).
On the other hand, the presence of CoP2-3 in AH22 gave higher
values of the swelling ratio in only copper and lead ion solutions,
whereas it gave close values in cobalt and nickel ion solution com-
pared with AH20 and AH21, which contain acrylamide and N-
isopropylacrylamide only. The swelling ratios for AH25 and
AH26, which contain CoP2-3 and CoP1-1 respectively, are very
close to their control, AH24.
Figure 9(B) shows the ability of these hydrogels to absorb

metal ions. These results indicate that the acrylamide–N-
isopropylacrylamide hydrogels (AH20 and AH21) do not have
any ability to absorb cobalt and nickel ions while the
acrylamide–CoP2-3 hydrogel (AH22) could absorb up to 23%
of Ni2+ and only 5% of Co2+. The acrylamide–CoP1-1 hydrogel
(AH23) was able to absorb more than 68% Co2+ and 67% Ni2+,
while AH22 and AH23 exhibited excellent efficiency in the
uptake of copper and lead ions compared with AH20 and
AH21 (control). Replacing N-isopropylacrylamide with HEMA
in the hydrogel tends to result in a lower swelling ratio of the
hydrogel. Hydrogel AH24 appears to be a particularly selective
sequestrator of Ni2+ and Pb2+ compared to Cu2+ and Co2+ ions,

Figure 5. Overlap of the emission and absorption spectra for CoP2-3 in
the presence of Co2+ (2.5 equiv. in DI water).

Figure 6. Histogram comparing the quenching efficiency of CoP2-3
towards different metal ions (2.5 equiv.) in DI water (graph normalized
with respect to water dilution).

Figure 7. IR spectra of CoP2-3 solution with and without metal ions.
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an outcome that may plausibly be attributed to the additional
binding site proffered by the hydroxyl moiety present
in HEMA.
Incorporation of CoP1-1 and CoP2-3 into the HEMA–acrylamide

hydrogels AH25 and AH26 resulted in decreased ability for Ni2+

and Cu2+ sequestration but an increased affinity for Co2+ uptake,
whereas the uptake efficiency for Pb2+ is the same for AH24, AH25
and AH26. We attribute this observation to the presence of the
sulfonic acid group (as in CoP1-1 and CoP2-3) where the inclusion
of CoP1-1, CoP2-3 and HEMA in the hydrogel matrix (Fig. 9(C))
results in irreversible entrapment of metal ions.

DSC and TGA measurements
The thermal properties of the prepared copolymers were investi-
gated by TGA and DSC; 4–5 mg of each copolymer sample was
measured under N2 gas between 20 and 800 °C at a constant
heating rate of 10 °C min−1. Analysis of the TGA thermograms
afforded the initial decomposition temperature (Ti), the tempera-
ture of the final decomposition (Tf), the degree of decomposition

Figure 8. Fluorescence spectra for CoP2-3 with and without Cu2+ (2.5
equiv., pH 6.8 and 12).

Figure 9. (A) The swelling ratio of all prepared hydrogels in metal ion solution and DI water; (B) the amount of metal ions absorbed by the prepared
hydrogels; and (C) the desorption ratio of metal ions from hydrogels in DI water.
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temperature at 50% loss of sample weight (T50%) and char content
at 800 °C values that are listed in Table S2. The rate of decompo-
sition was calculated from the slope of the degradation curve
between 20% and 80% weight loss.

Figures 10(A) and 10(B) show the TGA thermograms for pyrene
copolymers and perylene copolymers respectively where the first
decomposition stage can be attributed to scission of the sulfonic
acid residue.75,76

Figure 10. TGA thermograms of (A) CoP1; (B) CoP2; (C) AH20–AH26 hydrogels. (D) DSC thermogram of CoP1; (E) DSC thermogram CoP2; (F) DSC thermo-
grams of all the hydrogels prepared in this study.
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It is clear that the first initial decomposition temperature is
higher for CoP1-1 and CoP2-1 and that these systems have a
greater proportion of pyrene or perylene monomers in the copol-
ymer composition compared to CoP1-3 and CoP2-3. The second
stage is due to decomposition of copolymer chains while the third
stage can be attributed to loss of the aromatic residues. The rate
of the second decomposition stage is higher for all these copoly-
mers while it is lower for the third stage of the decomposition due
to loss of the stable aromatic residues. The char content varied
between 14 and 16 wt% except for CoP2-3 as CoP2-3 exhibited
a very high stability compared to the other prepared copolymers
and had a 37% char content.
Figure 10(C) shows the TGA thermograms of the prepared

hydrogels AH20–AH26. Control hydrogels AH20, AH21 and AH24
were found to decompose in one stage while the hydrogels con-
taining the pyrene and perylene copolymers show a broader
decomposition range to higher temperatures. The initial decom-
position temperature is higher for the hydrogels that incorporate
CoP1-1 into their structure and this can be attributed to lower

steric hindrance with a pyrene core compared with a perylene
core.77 Tables S2 and S3 show all thermal property data for the
prepared copolymers and hydrogels respectively.
From the DSC thermograms (Fig. 10(D)) we note glass transition

temperatures of 76.0–77.8 °C for CoP1 and 76.4–79.7 °C for CoP2.
Higher glass transition temperatures were observed for those
hydrogels that contained lower ratios of pyrene and perylene
sub-units. This can be attributed to steric hindrance between the
pyrene and perylene side chains.77 The glass transition of hydrogels
AH20–AH26 (Fig. 10(F)) was obtained between 75.3–79.4 °C. These
results assume that the incorporation of pyrene and perylene
copolymers did not significantly change the glass transition tem-
perature of the prepared hydrogels and this may be due to the
low content of the pyrene and perylene copolymers. The hydrogel
that incorporated polyethylene glycol (AH21) exhibited two semi-
crystalline peaks78 between 30 °C and 45 °C.

Stress–strain analysis
The stress–strain analysis of gels AH20–AH26 demonstrates
pseudo-plastic (shear thinning) behaviour over the strain range
examined32,79,80 (Fig. 11). Gels AH24 and AH25 were noted to
have a region of elastic behaviour over a larger range than the
other gels examined (AH20–AH23 and AH26), which showed a
larger region of plastic deformation. These gels may be consid-
ered to be suitably robust and stable under these test conditions
as no material failure occurred, which would be indicated by a
sudden and abrupt decline in measured stress. The increased
angle of the curves of the gels AH24 and AH25 suggest that these
gels are stiffer than the others examined, a point evident during
manual handling as these gels were more robust and less fragile,
allowing increased ease of use in contact applications. Comple-
mentary data for further rheological characterisation including
the crossover point for gels, the complex viscosity (η*) as a func-
tion of frequency, G0 and G0 0 as a function of frequency, tan ⊐ as
a function of frequency (L), low tan ⊐ region (R) are summarised
in Appendix S1 (Table S4 and Figs S16–S19).

Figure 11. Stress–strain curves of AH20–AH26.

Figure 12. SEM images of AH22, AH23, AH25 and AH26.
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The G0 and G0 0 data obtained (included in the Supporting informa-
tion) confirm that the samples (with the exception of AH24 and
AH26) exhibit typical gel-like behaviour as G0 is dominant over G00.
Samples AH24 and AH26, however, do not conform to the typical
rheological behaviour of stronger hydrogels at lower strain and thus
are more typical of weak gels with poor mechanical properties.81,82

A direct comparison between the gels described here and liter-
ature precedent AMPS-based hydrogels is, inmany cases, not pos-
sible due to the absence of rheological investigation and/or
reporting inmany published studies; many publications also differ
significantly in the form of the rheological investigations per-
formed due to the intended method of gel use and a directed
interest into the initial gelation mechanism of the gels exam-
ined.83 Temperature sweeps were not performed in this instance
due to the intended use of these gels at ambient temperature.

Surface morphologies of hydrogels
The formulations of the prepared gels were examined by SEM
measurements (Fig. 12) where it was found that pore sizes ranged
from 0.01 μm to 22.21 μm across the range of samples. Gel solid
fractions were observed to range from 41% to 60% of gel total vol-
ume in a continuous network.
Table 4 lists the range of pore sizes and solid fractions measured

from these SEM images. Of the gels examined AH25 possessed
the smallest pore sizes whereas AH23 had both the largest mini-
mum and maximum pore sizes. The volume fractions observed
in these samples demonstrate an open, hydrated, pore structure
which we presume to be essential for the immobilisation and
retention of metal ions adsorbed from solution.

CONCLUSION
In this work we have developed an operationally simple synthesis
of water soluble, amphiphilic pyrene- and perylene-containing
fluorescent materials derived from the copolymerisation of
1-pyrenemethyl methacrylate or 5-(perylen-3-yl)pent-4-yn-1-yl
methacrylates with commercially available AMPS. There are no lit-
erature reports of related perylene copolymers of this type. The
UV–visible absorption and fluorescence spectra of these materials
weremeasured in order to examine the interaction of the polyaro-
matic hydrocarbon residues with each other within the polymer
matrix. These copolymers undergo fluorescence quenching in
the presence of metal ions (e.g. Co2+ and Cu2+, Ni2+, Hg2+, Pb2+),
a process that follows Stern–Volmer behaviour at low metal con-
centrations (0.0–7.1 μmol L–1), which is indicative of a static
quenching mechanism. This sequestration behaviour is also char-
acterised by nonlinear Benesi–Hildebrand plots which suggest
that the binding between the metal centre and sulfonic acid
residues in the polymer has an ill-defined stoichiometry. The

LOD and LOQ for Co2+, Cu2+, Ni2+ and Hg2+ were found to lie
between 0.69 and 0.87 and between 2.27 and 2.91 μmol L–1

respectively.
Semi-IPN hydrogels were fabricated by the incorporation of these

copolymers into acrylamide, N-isopropylacrylamide and hydroxy-
lethylmethacrylate matrices. Hydrogels incorporating pyrene and
perylene copolymers showed increased divalent metal ion uptake
at neutral pH, particularly Pb2+ where up to 99% adsorption was
achieved with AH26. Desorption studies, at neutral pH, indicate irre-
versible capture of the metal ions by the hydrogel. The copolymers
and hydrogels prepared in this study have good chemical and ther-
mal stability which makes them promising candidates for multiple
applications, especially for the detection and removal of heavy
metals from aqueous environments at neutral pH.
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